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SOME NEW RELATIONS BEARING ON 


CONCRETE 


BY THE DIVISION OF MANAGEMENT, UNITED STATES BUREAU OF PUBLIC 


Reported by William A. Blanchette, Highway Engineer, Divis 


N INVESTIGATIONS recently conducted at East 

Point, Ga., the Division of Management of the 

United States Bureau of Public Roads has studied 
the effects of variation in the proportions of the solid 
ingredients of concrete and its water content upon the 
quality of the resulting mixture as measured by its 
density and strength. The tests have developed indi- 
cations of certain relations not heretofore established 
which it is believed constitute an addition of funda- 
mental importance to the knowledge of the character 
of concrete mixtures. 

Perhaps the most widely accepted generalization con- 
cerning the strength of concrete is the water-cement- 
ratio theory which suggests that the most important 
factors in determining strength are the relative amounts 
of water and cement. 

To this concept the work of Talbot and Richart has 
added, with respect to mortars, definite knowledge of 
the relations existing between the water content and the 
voids in the cement-sand mixture and the bearing of 
these relations upon the strength of the mortar. They 
showed definitely that for any given combination of va- 
rious amounts and kinds of cement and sand addition of! 
acertain amount of water will produce a mortar of maxi- 
mum density, and they called this amount the ‘basic 
water content.” With all other amounts of water, 
either greater or less than the basic amount, a lesser 
density was obtained in the resulting mortar. 

lt was found convenient to express the quantity of 
water added in terms of the basic quantity as a ‘‘rela- 
tive water content’? by means of an index figure. Thus, 
a mixture containing an amount of water one tenth 
greater than the determined basic quantity was said 
to have a relative water content of 1.1. 

In the investigations conducted by the Division of 
Management the method of determining the amount of 
Water required to give maximum density to each par- 
ticular combination of materials was similar to that of 
Talbot and Richart except that in this work concrete 


mixtures were used instead of mortar mixtures. 
NEW RELATIONS DEVELOPED 
lhe principal new relations developed are as follows: 


lL. for a particular combination of sand and cement 
irelation exists between the amount of coarse aggregate 


in the mixture and (1) the amounts of water required 
as the basie and various relative water contents and 
)) . . . . 

2) the corresponding total voids in the mixture. As 


~ course aggregate content is uniformly increased, 
the any 


unount of water required for the basic and each 
relative water content and the total voids in the con- 
crete corresponding to each, are uniformly decreased. 
2. Likewise, for a particular coarse aggregate content, 
a relation exists between the ratio of the amounts of 
sand and cement in the mixture and (1) the amounts 
of wate required as the basic and various relative 
water contents, and (2) the corresponding total voids 
in the mixture. As the sand-cement ratio is uniformly 
iMereased, a uniform change occurs in the amount of 
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water required for the basic and each relative water 
content and the total voids in the concrete correspond- 
ing to each. In these tests, increase in the ratio of 
sund to cement resulted in an increase in both’ the 
umounts of water required for each relative water con- 
tent and the corresponding total voids in the concrete. 

3. For each relative water content, using the same 
kinds of materials, the slump of every concrete mixture 
will be the same regardless of the proportions of 
cement and aggregate used in it. 


MECHANICAL METHOD DEVISED FOR MOLDING TEST SPECIMENS 


The studies were to involve the molding of concrete 
specimens with various water contents for density 
determinations. The densities determined were to be 
ised in drawing concrete-voids curves from which actual 
water requirements for each particular mixture were to 
be determined. Specimens for strength tests were also 
to be made containing the specific amounts of water as 
indicated by these curves. It was regarded as important 
that a method be used for consolidating both the density 
and strength specimens that would be consistent and uni- 
form in its operation in order that the densities in the 
strength specimens should closely and uniformly approx- 
imate the densities of such mixtures as indicated by the 
concrete-voids curves. It was also desired that the 
method should be capable of reproducing in the density 
und strength specimens, a density corresponding closely 
with the density of concrete produced in pavements by 
the customary methods of mixing, placing, and finishing. 

A mechanical compacting machine was devised and 
constructed for this purpose. The machine is driven 
by an electric motor and consists of a rectangular steel 
table, the drops or impacts of which are actuated by a 
series of gears and a cam, causing the table to rise and 
fall freely upon two 3-inch steel cylinders. These 
evlinders are bored to receive two 1-inch steel pistons 
which guide the motion of the table. The distance of 
fall and the rate at which impacts are delivered to the 
table can be varied, allowing the machine to be operated 
so as to produce a density in the specimen that tends 
to duplicate the density of the same concrete mixture 
as placed in a particular work by a particular method 
of manipulation. 

Figure 1 is a detailed drawing of this machine and 
illustrations of it are shown in figure 2. 

Considerable preliminary work was done to determine 
the extent to which the machine accomplished the 
purposes for which it was constructed. Density speci- 
mens were molded on the machine by different methods 
of operation. The concrete-voids curves resulting from 
these determinations indicated that the density of a 
concrete mixture could be changed by changing the 
operation of the machine, and that the machine could 
be operated in such a manner as to duplicate the density 
of the same concrete as placed in the work. 

Comparisons were made of concrete-voids curves 
resulting from tests of specimens compacted by the 
mechanical method and by the standard method of hand 
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Figure 1.— MECHANICAL COMPACTION TABLI 


rodding. The results indicated that the mechanical 
method produced curves that were as regular and con- 
sistent as those produced by the standard method. 
Tests were made by different operators using both 
methods to determine how closely concrete-voids curves 
could be duplicated by different operators with each 
method. The machine method was found to be satis- 
factory in this respect. 

The two methods were compared from the standpoint 
of uniformity of distribution of the ingredients in the 
molded specimens. This was done by splitting cylinders 
molded by each method into parts and analyzing each 
part to determine the amount of each ingredient con- 
tained init. The results of this comparison showed that 
from the standpoint of uniformity of distribution of the 
ingredients, the machine, as it was operated, gave 
satisfactory results. 

The two methods were next compared on the basis of 
strength results for cylinders and beams molded by 
each method. Comparison was made of the spread in 
strengths and the average deviation from the arithmetic 
mean for each individual set and for all sets made by 
each method. These comparisons showed that the 
mechanical method of molding strength specimens was 
as satisfactory as the standard method of hand rod- 
ding from the standpoint of uniformity of results. 


OPERATION OF MACHINE DETERMINED BY EXPERIMENT 


The method of operation of the compacting machine 
in making density and strength specimens was deter- 
mined in the following manner: A hemispherical con- 
tainer of one half cubic foot capacity and a depth equal 
to the pavement thickness was placed on the subgrade 
in the rear of the mixer on a paving project. After 
the concrete had been deposited on the subgrade, spread, 
and had received the final finishing operation, the 
container full of concrete was removed and the con- 
crete analyzed to determine tne amount of each in- 
gredient in it, and also the water and air voids and 
density of the concrete. Several of these determina- 
tions were made over a period of several days and the 
average value for density and water and air voids was 
determined. Identical mixtures were prepared in the 
laboratory from the same materials and specimens were 
molded on the machine using different heights o! drop 
and numbers of drops. It was found that 340 drops 
%s inch in a period of 1 minute produced a density 
equal to that of concrete in the pavement. This 
operation of the machine was adopted for the subse 
quent tests. No appreciable segregation of ingredients 
was observed in the specimens. For proportions othe! 
than those used it might be necessary to vary the 
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operation of the machine somewhat. It is believed, 
however, that the operation as determined is sufficiently 


accurate and tended to represent the manipulation of 


the concrete as placed in the pavement. 
MIXTURES USED IN TESTS DESCRIBED 

In this investigation two groups of tests were 
conducted. In the first group the same brand of 
cement and the same kind of fine and coarse aggregate 
were used in all mixtures. The proportions of all 
ingredients were varied and the resulting strengths 
determined. In the second group three series of tests 
comprising combinations of different kinds of materials 
were made in which two brands of cement, one kind 
of fine aggregate and three kinds of coarse aggregate, 
were used. The ratio of fine aggregate to cement and 
the relative water content were constant for all three 
series In each series the amount of coarse aggregate 
was varied from zero to the maximum. 

Basis of proportioning._-Proportioning was done by 
absolute volumes. The symbols used are as follows 


a=Absolute volume of fine aggregate in a unit 
volume of freshly placed concrete. 

5 - Absolute volume of coarse aggregate in a unit 
volume of freshly placed concrete. 

c ~ Absolute volume of cement in a unit volume of 
freshly placed concrete. 
b 


h —— Ratio of the 
we 


; absolute volume of 
{ 


coarse aggregate to the sum of the absolute 
volumes of fine aggregate, coarse aggregate, 
and cement in a unit volume of freshly placed 
concrete, 

d - Density or solidity ratio of the freshly placed 
concrete. 

\. = Voids (air and water) in a unit volume of freshly 
placed concrete, equals 1—d. 

MW. =Volume of water per unit volume of freshly 
placed concrete. 


Cement-space ratio. 
vw ~ Relative water content. 


W 


Water-cement ratio. 


_ Water content.—The water contents used are expressed 
in terms of the basic water content, that amount of 
Water which gives maximum density to the particular 
mixture, as determined from the concrete-voids curve 
for that mixture. A concrete-voids curve was drawn 
for every mixture used. 

Physical characteristics of materials —The physical 
characteristics of the aggregates and cement are shown 
Intable 1. All aggregates were dried to constant weight 
vefore they were used. 

Specific gravity determinations.—The specific gravities 


of cements and aggregates were determined in the 
following manner: 


W a in which W, represents 


Specilic gravity = 


weight in air, and W, represents weight when immersed 
Water 


Cement was weighed in air in its natural 
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PiGURE 2.— MecHANICAL CompactinGc MacHINE Betina USED 


ro Moup BEAM AND CYLINDER SprciMENS. LOWER PIcTURE 
SHows TAaBLe OF MacuHiIne Ratsep To Expose CaM AND 
DRIVING MECHANISM 


TABLE 1.—Physical cha 


acteristics of materials 


Mechanical analysis, percentage 
retained on 


Material 


100 
lus 


) 





Fineness modu 


J 
No. 4 
No. 8 
No. 14 
No 
No. 48 
No 


Fine aggregate, sand, no. 1 
yarseé aggregate, gravel, 
no. 2 » ¢ 


2. 64.0. 00 Q. 2) 3. 0/25. 8'75. 0/95. 8) 2. OC 


2 .50 0.0.38. 2:92. 598. 6'106. C 7 


é 7.29 
Coarse aggregate, crushed 

limestone, no. 3... 2. 78 39 36. 0 80. 0194. 0:99. 7: 100. 0 &§. 10 
Cement, no. 1 3, 27 ] 
Cement, no. 2 24 


Similar designations by nam«e i number represent similar materials throughout 


these tests 


state. Aggregates were weighed in air in a bone-dry 
state. Materials were weighed in water after a period 
of immersion approximating the time the cement and 
aggregate are in contact with water during the mixing 
and molding of concrete specimens before the specimens 
are weighed for the density determination. 
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TESTING PROCEDURE 


Mixing concrete.—All concrete was mixed by hand on 
a steel mixing plate. The same operator mixed every 
batch throughout these tests. 

Molding specimens for the density determinations by 
mechanical means.—A new batch of concrete was mixed 
for each density determination. The absolute volume 
of each batch was slightly in excess of the volume of a 
heavy steel 6- by 12-inch cylinder mold. The entire 
mold was filled with concrete, then placed on the table 
of the mechanical compacting machine and subjected 
to the compacting procedure adopted as standard for 
these tests. The mold was kept full of concrete during 
this operation. The concrete was then struck off even 
with the top of the mold and the density, water voids, 
and air voids of the concrete determined. Each point 
on the concrete-voids curves represents one density 
determination. 

Molding strength-test specimens by mechanical means. 

A separate batch of concrete was mixed for every 6- by 
12-inch cylinder made. Paraffined cardboard cylinder 
molds were filled completely with concrete and placed 
on the table of the compacting machine. The machine 
was then operated to give the standard number of 
drops, the mold being kept full of concrete to overflow- 
ing during this tamping. The concrete was then struck 
off even with the top of the mold and its density deter- 
mined. Two separate batches of concrete, one for each 
of two layers, were mixed for every 6- by 8- by 30-inch 
beam made. Beams were molded by filling the wooden 
mold completely full of concrete, using a separate batch 
for each of two layers. The mold was then placed on 
the table of the machine and compacted, keeping the 
mold filled to overflowing during the tamping. The 
concrete was then struck off even with the top of the 
mold and the density determination made. 

Determining density and voids of concrete-—The out- 
side of the mold containing the specimen was wiped 
clean and dry, and the weight of the concrete contained 
in the mold determined. The volume of the batch was 
determined by the formula: 


Weight of concrete in original 
batch X Volume of mold 


Volume of batch =—,;— — 
Weight of concrete in mold 


(1) 


The density of the concrete d in the original batch 
was determined by the formula: 


Solid volume of cement 
and aggregates 


Density of concrete > — 
. Volume oi batch 


(2) 


The total voids in the concrete V. equals 1—d equals 
W, plus air voids. W,, the volume of water per unit 
volume of freshly placed concrete, was determined by 
the formula: 


Weight of water ,, bet 

added to batch Volume of water 

Weight of water *bsorbed by 
w,—Per cubic foot oe 


e ee 


Volume of batch — 


Air voids equal V, minus W,. 


_ Curing and testing.—All strength specimens remained 
in air for the first 24 hours. They were then placed in 
the moist room until removed for testing at the age of 


28 days. Every strength specimen made was tested 
and the strength of every break is included in the 
analyses of results obtained. 


FIRST GROUP OF TESTS DESCRIBED 


These tests were made in an effort to determine thi 
effect on the strength of concrete of the following 
(1) Ratio of fine aggregate to cement; (2) amount o 
coarse aggregate; (3) amount of water. 

Nine different mixtures of cement, fine aggregat: 
and coarse aggregate were used. All of these mixtur 
are considered to be within the practical limits « 
mixtures used in concrete pavement construction. 

A concrete-voids curve was drawn for each of the nin 
mixtures to determine the amount of water required to 
give maximum density to the concrete (basic water co: 
tent) and to find the amounts of water to be used in tli 
strength specimens in terms of this basic water conten! 

After determining the basic water content for eac} 
mixture from the concrete-voids curves, six 6- by | 
inch cylinders, two 6- by 8- by 30-inch beams and om 
slump test were made with each of the nine mixtures 
for each of the following water contents: 1.00 relat 
which is basic water content, 1.10 relative, and 1.2! 
relative. This made 27 different concrete mixtures 

The 9 mixtures of cement, fine aggregate and cos 
aggregate, are as follows: 

0.45 
2 00, b, 0.50 
0.56 
0.45 
2.50: b. ) 0.90 
. 10.55 
10.45 
3.00, 6, =10.50 
(0.55 


The corresponding proportions by weight are 
tained in table 2. No. 2 cement, no. 1 sand, and 1 
crushed limestone were used. 


tH © 


Cc 


TABLE 2. Proportions of all mixtures by we igh 4 


Absolute volume Proportions by weight 
Cement Fine ; ancl 
aggregate aggregate 
0.45 2.00 l 1.63 2.10 
45 2. 50 1 2.03 2. 45 
45 00 l 2. 44 2. 80 
50 2 00 l 1. 63 2. 57 
50 2. 50 l 2.03 3. 00 
0 3. 00 1 2. 44 3. 43 
35 2. 00 l 1, 63 3.14 
2.50 1 2. 03 3. 66 
3. OO 1 2.44 4.18 


RESULTS OBTAINED IN FIRST GROUP OF TESTS 

Table 3 shows the results of the density determuina- 
tions from which the concrete-voids curves were (raw? 
This tabulation is an example of the data required 2 
drawing concrete-voids curves. 

Table 4 is a summary of all data collected 11 tus 
group of tests. This table contains average valves 10! 
ach mixture. The individual values from whic): the* 
averages were obtained are available. 


P a ' 
Table 5 shows the effect of os b, and relative water 


‘content, w, on the compressive and flexural strength 


of the concrete. 
Table 6 is a tabulation of the shumps of the 9 «iffere?! 
mixtures for each of the 3 relative water conte!\ts. 
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Weight 
of 
water 
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TABLE 


rotal 
weight 
of ma- 
terials 


Pounds 


36. 531 


781 
031 
156 
281 
531 
781 
O31 
281 


Osg 


f. 494 


oH. GO4 
7.119 
7. 244 
37. 494 
7.744 


). 320 


570 


» 820 
». 945 
7. 070 


320 
570 


}. 189 
). 439 
}. 689 
814 
». 939 
7. 189 
7. 439 


. 495 
5. 745 
36. 860 
36. 995 


7. 495 


3.—Concrete-voids determinations 


Weight 
of ma- 
terials 
in mold 


Pounds 
24. 039 
25. 566 
26. 934 
28. 500 


29. he 


4. O87 


24. 601 
25. 840 
29.043 
29. 719 
29.875 
29. 746 
29. 789 


24. 309 
25.914 
28.976 
29. 398 
29. 668 
29. 734 
29. 668 


tor 


bo to to ho 
—Za>st 


t 











b, 


Volume Density 
of con- 
crete 


b, 


644 


. 683 
. 758 


766 


771 
7675 
. 7505 
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PaBLE 3.—Concrete-voids determinalions—Continued 
} 
2.00 0.00 
lot VW \ je 
We t ; Le 
; we t “ye 
oft I 
t re ft 
er W r \ lotal 
( 
i wih I 
) 6. 2U5 of SOs ¥ 9 ( O05 
i sf is 7¢ 71 224 
| ff 1X Re R] ) 14 
Oo f ys % 7TR4 RQ ) 216 
00 36, TSO 787 189 24 213 
) 7. O48 . S4 4 12 216 
() Qs / 2) ( 0) 
2300 | 0.55 
% % s s ( 
2.7 t ‘ 2 74 164 i 254 
2.87 f 789 182 2 211 
2 87 7s 298 
on) os s4 SS s Pati 
i) his TG ) 2 l 
s a4 4 2 216 
S g 218 ()s 292 


Table 7 shows the values and changes In values of 
| and \ at Maximum density or basic water con- 


_ . ad 
tent tor the different values oj and h 


Table 8 shows the densities taken from the concrete- 
voids curves and the densities as determined for the 
strength specimens made with corresponding mixtures. 

Table 9 shows the average of individual percentage 

uriations in strength from the arithmetic mean of each 
set of specimens made with each mixture. 


ae  & 
Figure 3 shows, lor ea h value ot ’ the concrete- 


roids curve for each of the three values of b,. These 
curves are replotted in figure 4 which shows for each 


7 . » » & 
value of 5, the conecrete-voids curve for each value of —- 


- 3 - : — : a 
Figure 5 shows the effect ot variations 1n b,, and 
e 


elative water content on the compressive and flexural 
strength of concrete. Each point shown on the curve 
is the average of 6 breaks (3 breaks for each of the 2 
beams in the case of flexure. 

Figure 6 shows the relation of the water-cement 
ratio to . and 6, for the 27 mixtures used. 

Figures 7 and 8 show the effect of the water-cement 
ratio on the compressive and flexural strength of the 
concrete. Each point on these figures is the average 
of 6 breaks. 

Figure 9 consists of photographs showing the slumped 
concrete for each mixture and showing the beam 
breaks with the exposed particles of coarse aggregate 
on one of the broken ends. 


RESULTS OF FIRST GROUP OF TESTS DISCUSSED 
The two outstanding results developed by these 


. ‘ a ° ° 
tests are: For a particular value of fi relation exists 


between the values of 6, and the value of W, and V, 
for basic water content. The same relation likewise 
exists between the values of 6, and the points corre- 
sponding to other relative water contents computed 
from the basic. This relation is shown in figure 3. 
In each figure the points of corresponding relative 
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TaBLeE 4.—Summary of data from first group of tests 
Data from strength specimens ge \* 
Data from concrete-voids sit 
determinations gi 
C vlinders Beams we | 
4 |S 
= Voids Voids e Void = Ai? 
a h, < 3 ~ ul = So | 
¢ 2 | r— Fe £ =. 2 - = 
es = = z. . bi = 2 : 
a) > z - _ A > |Eei|elie!la © > |Feil</e/la ta a 5 in 
Cubic Cubic Lbs. per Lhs. per Cut Lbs. per Lhs. per 
feet feet sq. in sg. it et sq. mm sq. in 
2 00.0. 451.00. 256 0. 2045.0. 03350.238 0.762 0 205 0. 030.0. 235 0. 765 4,716 10.0 l 203, 0. 042 0. 245.0. 75 771 8.3 266 1.47.5. 118.12, ¢ 
2.00) . 451.1) . 2575) . 225 0175 . 2425 . 7575 26} 013 . 239 .761 4,432 3.0 223\ 1.026 .249' . 751 733 48 123. 1. 63.5. 66:8. 07 
2.00: .45)1.2 ) . 0065; . 252 748 246 002 . 248 : 3, 861 6.2 44 O10. . 254 d90 6.7 137\1. 80.6. 247. 97 
2.50) . 45/1. .0815) . 2 762 208; 1.024 . 232 3, 546 3.9 206 033) . 239 723 3.5 77/1. 73:6. 02.6. 98 
2.50) . 45)1. 0155, . 24: 7575 A! 009 . 238 5 3.0 2 297 O16, , 243 7 694 2.5 73.1. 92.6. 66 6. 93 
2.50 . 451. 0035, . 2: 7485 249 —. 002 . 247 21 6. 1 505 1.048 . 247 009) . 256 744 648 6.4 7 l 
3.00 .451 0295 760 216 O18 . 234 1 2.5 446 1.029 .214 026 . 240 60 620 7.8 
3.00) . 45/1. . 0145 75A 237 004 544 2.7 191, 1,049) , 232 024) . 256) . 744 52 6.4 
3.00 . 451 . 004 7435 253 000 , 807 4.1 287; 1.043) . 254 OO; .2 747 490 19 
2.00) . 501 0295 777 196 O17 787 . a2 5.4 782) 1.012) . 193 ORE Dat) 7 ThE 2.0 
2.00 . 501. O175 7695 215 00S 777 3, 975 4.2 672 1.029) .210 .0380 . 240 . 760 77 22 
2.00: . 501. 2 . 0075 7605 233 004 763 3, 205 7.6 693) 1.019 . 233 OOol 234) . 76¢ 8.3 
2. 50) . 50)1. . 0285 773 201, . O18 781 3, 760 3.1 204, 1.004 . 199 024) . 223) .777 } 2. 6 t 
2.50 . 501. 013 7685 52) . 220 005 775 2, 958 4.7 495| 1.030 . 216 026 . 242) . 758 600 &.3 167 
2. 50) . 50/1. < . 002 760 256 . 240 —. 003 763 2, 105 3.9 375| 1.032) .237' .006) . 243) . 757 29 4.1 54\2. 2117. 67 6. 30 
3.00) . 50/1. 027 2 771 252) . 203 024 773 2, 478 3.4 361) 1.017) . 201 032! . 233) . 767 571 6.1 141/2. 11\7. 32 y 
3.00) . 50)1 014 2 764 54) . 225 006, 769 2,011 3.6 184 1.031) . 221 021) . 242) . 758 492 4.6 65/2. 35\8. 17 
3.00 . 50:1. 0035 . 246 754 258 . 244 001 757 1, 290 8.1 308) 1.0290) . 244 002 42) . 758 410 7.0 103 2. 59/8. 98 5. 47 
2.00) . 55,1. . 025 2065; . 7935 245, . 182 021 797 4,314 9.8 1, 622) 1.012, .177 052) . 229! .771 766 49 156) 1. 53.5. 3316.9 
2 5) 1. O11 2105) . 7895 247| . 200 O10 790 3, 44 7.0 666 1.010 .195; .032) . 227) .773 692 23 111.1. 70:5. 89.6. 84 
2. 5) 1. 2 . 003 221 779 20 . 218 002 780 3, 061 6. 2 576 1.010 .216 .012| . 228 .772 67 5. 5 111/1. 886. 52.6. 76 
2 5) 1. 025 2125) . 7875 246 .189 .O17 794 3, 514 5.5 803 907 1s 031 171 . 783 684 3.7 86 1.86.6. 485.89 
2.50| . 551. ¢ .0095 . 216 784 248 .207 .006 787 2, 946 9.2 690 1.014 . 202 028 30 . 770 605 7.9 $7'2. 06:7. 1515.8 
2.50) . 55/1. BY 2a . 000 225 7 252) . 225 —. 001 776 1, 864 51 306 1.007 . 225 000! . 225) . 775 507 3.0 54/2. 27/7. 89.5.7 
3. OO} . 55/1. 0) . 248 1905, . 023 2135 247; .192) .017 791 2, 776 4.3 ; 1.010 . 187 040: . 227) .773 AR] 73 1412. 17/7. 53 $ 
3.00) . 55/1. 1) . 250 2095, . 011 2205 249.210. 007 783 i, 991 6.3 432, 1.019 . 206 027, . 233 . 767 {80 3. 6 622. 408. 3 ¥ 
3.00 .55)1.2) .254 | . 2285) .004 | . 2325 252) . 231 —. 006 775 1, 353 4.4 241 015 .228 (003 .2 69 384i 1102. 66.9. 2 
Taken from concrete-voids curves 2 Fach value is average of 6 values except beam det es and ids which are averages of 2 value 
wT ~ , ~ a , : ° 
PaBLe 5. Eff ct of b , and relative water conte nt, w, on the compressive ar ( rl trengt of concrete 
Ae i 
WATER CONTENT VARIABLI 
Basi ) mi) 
a 
, n ‘ Ch inge { 
Compres- “le Compres- Change ( r ( " : 
atve Flexural nivg roan baali Flexu t ce from 1.10 Flexural 
relative 
Pounds per Pounds per Pounds per Pounds per Pounds p P 7) Pounds per Pounds per Pounds p j 
sq. in sq. in sg.in 80 ’ 84 sq. in sq n x n 
2.0 0. 45 4,716 77 4,432 284 733 ss 3, S61 571 600 
2.5 15 3, 46 723 3, 235 S11 A04 ~ 2 72) 514 648 
3.0 45 2, 951 620 2, 44 $07 552 68 1, 80 737 1) 
oe ” 4, 782 766 3, 975 807 iid 3 205 680 674 
2.5 sh) 3. THO 696 2. O58 R02 600 vy » 105 R53 og 
3.0... WO 2, 478 7 2, 011 467 192 ma] 1, 290 721 410 ‘- 
2.0-- 55 4,314 66 3, 544 770 692 74 5 061 183 67 
7 a 55 3,514 684 > O46 itd 5 at) 1, 864 1, O82 4) 
3.0.. 55 2, 776 581 1, 991 785 180 0 1, 353 638 4 
Average _. 589 7 ~ HOR 
SAND-CEMENT RATIO VARIABLI 
o =2.0 rad 73.0 
c ri { 
Relative 
b water con- ‘ ’ 
tent, u Change Change Change ‘ 
Compres- " Compres- from from re) —_ from 
Flexural pres Flext ompres "le 
sive € al ane € 20 Flexural aa atom Co. Flexural 
c le 
Pounds per | Pounds per | Pounds per | Pounds per Pounds per Pounds per | Pounds per | Pounds per | Pounds per 
sq. in. 8q. in sq. in sq. in sq. in sq. in sq. in sq. in sq. in 
1.0 4,716 771 1, 170 723 48 2, 951 — 595 620 ‘ 
1.1 4, 432 733 —1, 197 694 39 2, 544 —691 52 te 
1.2 690 1, 140 648 42 1, 807 —914 190 « 
1.0 , 766 —1, 022 696 70 2, 478 —1, 282 571 le 
a 3, 975 773 —1,017 600 173 2,011 —947 492 108 
~ 1.2 3, 295 674 —1, 190 529 145 1, 200 —815 410 ) 
° 1.0 4,314 766 —800 684 82 2, 776 —738 5x1 03 
1.1 3, 544 692 — 598 605 87 1, 991 —955 480) rs 
1.2 3, O61 675 —1, 197 07 168 1, 353 511 384 “ 
—1, 037 95 —129 
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4, 452 
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3, 46 723 
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2, 951 620 

2, 544 552 
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Tabulation of slumps for all mixtures 


water content of 

1.00 0 1. o 
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] 4 t 
20 5.0 7 
1.8 4 
l 0 t 
1.0 40 t 
2.0 4. 5 7 
2.0 0 7. ( 

7 1.7 { 
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and water W 


for diffe rent values of 


0. 238 0.2045 O 0. 2065 0. 240 0. 210 
223 1935 1YS85 229 ay 
2065 ISL5 ; I875 135 1005 

Sand-cement ratio 
2.00 2.50 +00 
+0. O15 +0. 011 0.011 
+, O165 + O145 OLS 
O1L15 OOS OOS 
012 O11 0115 
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0 $ 
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> U0 0 
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2.5 0 
» {) 
u 4) 
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2.0 
2.0 
ai) 
$0 
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TABLE 9 Average of 
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0 _ 
0 
0 


oncrete Continued 


b,=0.55 

Change Change 
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0.50 5, =0.50) 
is per | Pounds per Pounds 

f sq. in per sq.in 
168 766 ) 
431 692 —81 

234 675 me 
— 24¢ 684 —12 
12 HO5 7 
241 4) 22 
208 5S 1 +l) 
20 450) 12 
63 t84 26 
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age va rration S$ in strenqt! 
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Beams 
tent | Relative water content 


cent |Percent Percent 


6. 2 8.3 4.8 6.7 
6.1 3.5 2.5 6.4 
4.1 7.8 6.4 4.9 
7.6 2.0 2.2 8.3 
3.9 2.6 8.3 4.1 
7 6.1 4.6 7.0 
6.2 1.9 3.8 5.5 
5. 1 3.7 4.9 3.0 
4.4 oe 3.6 8.5 
5. 7 5. 1 4.9 6.0 
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water content on the three 6, curves fall on a line that 


is approximately straight. 
‘ - » & 
A relation exists between the values of and the 
e 


points corresponding to each relative water content for 
each particular value of b. The points of basic water 
a 
content are shown on the three - curves for each value 
. 
of 6, in figure 4. This relation is not as definite as 
that shown in figure 3. 
For a particular relative water content the slump of 
the concrete is nearly constant regardless of the values 


a ° . rt’ P 
of ; aud 6, used in the mixture. The slumps of the 9 


54633—34——2 
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bs Pn, ae 
WATER CONTENT 
ATIVE WATER CONTENT ON STRENGTH OF CONCRETE. 


concrete mixtures for each of the 3 relative water con- 
tents, 1.00, 1.10, and 1.20, are shown in table 6. There 
are some variations in the slumps as shown for each 
relative water content. Individual slumps, however, 
do not vary greatly from the average. The variations 
are considered to be within the probable error within 
which the slump test can be made. 

Other results shown by this test follow: 

The basic water content or the amount of water 
required to give maximum density to a concrete mix- 
ture, may be different for every different combina- 
tions of the ingredients. 


A concrete mixture having maximum density (as 
molded in this test by a new method designed to dupli- 
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Figure 7.— Errect oF WATER-CEMENT Ratio ON COMPRESSIVE 
STRENGTH. 


cate the density of the concrete in place in a pavement) 
contains both water and air voids. Combinations of 
the particular materials used in this test, require a 
value of w greater than 1.20 relative to eliminate all 
air voids. The slump corresponding to this relative 
water content of 1.20 is 7 inches. 

With a fixed ratio of sand to cement the amount of 
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WATER -CEMEN 


4 


Water-CemMent Ratio 


STRENGTH 


FIGuURI EFFECT OF ON FLEXURS 


The density of the concrete in every strength speci 
men was determined immediately after the specime: 
was molded. The closeness with w hich these determina 
tions approach the densities shown on the concrete-voids 


. . ‘ 2 a 
curves for the corresponding combinations of —> b,, and 
tf 


wis shown in table 8. The strength-specimen density 
values are averages for 6 cylinders and for 2 beams mad: 
with each combination. There some irregularity 
between the densities of the test specimens and the 
densities of corresponding mixtures as determined from 
the concrete-voids curves. These discrepancies, which 
are not excessive, can be accounted for in part, by the 
fact that the concrete-voids specimens were molded in 
a heavy steel evlinder mold whereas the test evlinde rs 
were molded in light cardboard molds and the beams 
were molded in wooden molds. The difference in the 
weights and types of molds may have caused a differen 
in the magnitude of the impacts delivered to each. The 
wooden molds for beams were not absolutely water- 
tight, and it was more difficult to determine the volume 
of the concrete in the mold due to the large area to be 
struck off. 

In this test (in which water contents equal to ot 
higher than basic used ) 


Is 


were the amount of water 
required to give maximum density to a particu ar 
combination of materials was found to be that water 
content which gave maximum strength to the concrete 
made with that particular combination. The stren: ath 
of a concrete mixture decreased as its relative water 


content increased, as the value increased ana as 


~ a 
of 
( 


the value of 6, increased. The results of the strength 
tests showing graphically the relation between strength, 
»6, and w are shown in figure 5. The actual variations 


water per unit volume of concrete required to give | ¢ 


maximum density and the total voids in the mixture | 


decreases as the coarse aggregate content of the mixture 
is increased. This relation is shown in figure 3 and 
table 7. With a given ratio of coarse aggregate to 
total solid volume the amount of water required to 
give maximum density and the total voids in the mix- 
ture inc reases as the ratio of sand to cement increases. 
The increase is slight for the range in 
cement contents used in this test. This relation is 


shown in figure 4 and table 7. 


sand and | 


in strength caused by variations in the values of > 4 


and w are shown in table 5. It should be borne in 

; a 
mind that changes in the values of —) 6, and w are ac- 

( 

companied by changes in the water-cement ratio. 
These changes are shown in table 4 for all mixtures. 
An analysis of this table shows that for the 9 dificrent 
combinations of and 6, the average decreases 1 
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Figure 9—Stump Test Specimens AND CorRRESPONDING BEAM BREAKS FOR VALUES O1 », AND RELATIVE WATER CONTENTS 
as INDICATED. Coarse AGGREGATE HAS BEEN PAINTED ON Upper BEAM BREAK IN Eacu Case 

Strenyihs due to increase in the relative water content For the nine different combinations of 6, and w the 

are as follows: average decreases in strength due to increase in the 


~ a » 
Change in strength due to change in water content value of c are as follows 


Pounds per 


Pounds per 
Percent 
square inch 


> 
; ercen 
square inch Percent 


. a 
; Change in - from 2.00 to 2.50 
TO t P 7a° ’ : 
ra ‘ic to 1.10 relative: ‘ Compression —1, 037 26 
hepa candies - = + Flexure —95 13 
» ae t . ------ = “ Li 2 a 
From 1.10 relative to 1.20 relative: Change in ¢ from 2.50 to 3.00 
ompression ~ 698 23 . 
Flexur: 68 11 Compression - —828 2 
‘ Flexure 
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For the nine different combinations of w and : the 


average decreases in strength due to increase in the 


value of 6, are as follows: 


Pounds per 


Percent 
square inch 
Change in }, from 0.45 to 0.50 
Compression - - alas 362 11 
Flexure-.------ : 4) 7 
Change in 6, from 0.50 to 0.55: 
Compression - 143 5 
Flexure.. —16 3 | 
The results of this analysis show that with the | 


particular materials used a change of 0.1 in the value 
of w, the relative water content, caused a change in 


strength of 589 to 698 pounds in compression and of | 


, a 
68 to 73 pounds in flexure. A change of 0.5 in -; the 


sand-cement ratio, caused a change in strength of 828 
to 1,037 pounds in compression and of 95 to 123 pounds 
in flexure. A change in 6, of 0.05 caused a change in 
strength of 143 to 362 pounds in compression and of 
16 to 46 pounds in flexure. 

The results of these tests indicate the effect of varying 
the proportions of ingredients on the strength of con- 
crete. The experience in expressing proportions on the 
basis of solid volumes was very satisfactory. Volume 
relations were being studied and direct expression of 
these relations was more convenient, in this study, 
than indirect expression with specific gravity as a 
factor influencing conclusions. 

The range in the values of 6, in this test was not 
sufficiently great to reflect the effect of the amount of 
coarse aggregate on the strength of concrete. The 
second group of tests described in this report show this 
effect in concrete mixtures in which the values of 6, 
range from zero to the maximum. 

A definite relation is shown to exist 


between the 


water-cement ratio and the strength of concrete both | 


in compression and flexure. This relation is shown in 
figures 7 and 8. Each point in these figures is the aver- 
age of six breaks. The points fall within a band which 
upproaches a straight line. The width of the band is 
presumably due to irregularities in mixing, molding, 
curing, capping, and testing and not to variation in the 
water-cement relationship. 

The strengths of concrete mixtures composed of 
different proportions of cement, aggregates, and water 
bear no direct relation to their respective densities. As 


sa. 
an example the mixture with ; 2.00, 5, 


w=1.00 has a density of 0.7650 and a compressive 


strength of 4,716 pounds per square inch; the mixture 
—— oe sai , 
with <= 3-00, 6,=0.55, and w=1.20 has a density of 


0.7746 and a compressive strength of 1,353 pounds per 


square inch. The densities and corresponding strengths | 


for all mixtures are shown in table 4. The density 


determination appears to have its greatest value in 
determining the amount of water required to give maxi- 
mum density to a particular combination of materials 
under a particular method of placing. 


The strength 





0.45, and | 
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of a particular mixture, however, can be expected to be 
greater with maximum density than with any other 
density resulting from greater amounts of water. The 


' actual density obtained can be expected to be different 


for different methods of placing. 

There is a relation between the cement-space ratio 
and the strength of concrete because this ratio involves 
the amount of cement. This relationship, however, is not 
definite like the water-cement ratio because it involves 
the total void space, and the voids or densities fo: 
different mixtures bear no direct relation to strength 


|The cement-space ratio for every mixture is shown 1 


table 4. 

The amount of water required to give maximun 
density to a particular combination of materials can b 
determined with a reasonable degree of accuracy ©: 
the basis of density determinations made by mechanic: 
means. This is shown in table 3 and in the concret: 
voids curves of figure 3. These curves are remarkab!\ 
regular considering the fact that each curve is describ 
by only a few points and each point represents but on 
density determination. 

The mechanical method of molding concrete strengt!i 
specimens is considered to be comparable with tly 
standard hand method from the standpoint of the con- 
sistency of strength results. The data in table 9 show 
the average of individual percentage variations in 
strength from the arithmetic mean for each group of 
specimens for each mixture. The grand average of «il! 
these variations in all mixes is 5.3 percent for both 
cylinders and beams. 


SECOND GROUP OF TESTS MADE 


A second group of tests was made for two purposes 
First, to check the relations found to exist in the first 
group, and second, to determine the effect of the amount 
of coarse aggregate in a concrete mixture on the stren 
of the resulting concrete. This group 


é a Pre 
three series. A value of — of 2.576 and a value o 
- 


consisted 


of 1.10 relative, was used in every mixture in all thre 
series. The value of 6, in series 1 and 3 was varied 
increments of 0.10 and in series 2 by increments slig!itl) 
greater than 0.10, from 0.00 to or slightly above tlh 
point at which the mortar was sufficient to fill th: 
spaces in the mass of coarse aggregate as placed in thi 
molds. This resulted in 8 concrete-voids curves fo! 
series 1, 9 curves for series 2, and 8 curves for ser 
Strength specimens were made only with those mixtures 
in which the mortar was sufficient io fill the void spaces 
in the coarse aggregate. This resulted in 7 dif! 
mixtures for series 1 and 8 different mixtures for 
| 2 and 3, making 23 mixtures from which strength 
mens and slump tests were made. Two different 
of coarse aggregate and two different brands of « 
were used. The same kind of sand was used 
tests. The materials used in each series are shown 
table 10. 

Density determinations were made and co! 
voids curves were drawn for every mixture 1 
series. Each curve was used in determining thi 
water content for each mixture; and for determin 
amount of water and the total voids for a relati\ 
content of 1.10, which was the water content use 


= 


res 
ecl- 
nds 
ient 
i] 
wii 


In 


rete- 
each 
bask 
o the 
water 
in all 
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TaBLe 10.— Materials used in each series of lests 


Series Cement Fine aggregate Coarse aggregate 
1} No. 2 Sand, no. 1 Crushed limestone, no. 3 
2. No.1 do Gravel, no. 2 
3 | No. 2 do Do. 


three series. These water and voids data were then 
used in computing the proportion of each ingredient to 
be used in the strength-specimen mixtures. Every 
mixture in which the mortar was sufficient to fill the 
void spaces in the course aggregate was subjected to 
one slump test, and three 6 by 12-inch cylinders and one 
6 by 8 by 30-inch beam were made. Every point on 
all strength curves represents the average of 3 breaks 
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Table 14 shows the water and total voids per unit 
volume of concrete at basic water content for the differ- 
ent values of 6, in each set. 

Table 15 contains the mix proportions by weight for 
all mixtures used in strength specimens in each set. 

Figures 10, 11, and 12 show the concrete-voids curves 
for all mixtures in each series of tests. In figure 10 
the curve for the mixture with b,=0.70 and in figure 
11 the curve for the mixture with 6,=0.803 represent 
those mixtures in which the mortar was not sufficient 
to fill the void spaces in the coarse aggregate. 

Figures 13 and 14 show the relation between the 
water-cement ratio and the compressive and flexural 
strengths of the concrete. 











in either compression or flexure. TaBLe 12.—Slump of concrete for each mixture in each series 
RESULTS OBTAINED IN SECOND GROUP OF TESTS = 2.57¢ = 1.10 relative] 
Table 11 is a summary of the data from this group 
. Zs ; i * * : i . 8 Series | Series 2 Series 3 
of tests, with the exception of the densities from which 
. rl’ 
the conerete-voids curves were drawn. These data are 
. . Inches Inches Inches 
represented by the points on the concrete-voids curves. 00 5 2 5 
Table 12 shows the results of slump tests for each 5 : 25 ; 
value of 6, in each series. 4.5 2.5 5 
at 7 ; 7 ee { 4.5 2 4 
lable 13 shows the amount of water in addition to: ’ 3 55 
that required for the mortar that is required by the ° ih - 
course aggregate at basic water content for the two : = 
verage 2 
tvpes of coarse aggregate used. 
TABLE UR Summary of data from second group oJ fests 
Data from strength specimen 3 Fa 
Data from concrete-voids es |P = 
ieterminations s/s = 
Cylinder. Beams rs : 
. caula - 2 |e 
= Voids Vo r 3 z — Vo 5 = 3 us 
61 + ibsFiz 5 —| 8 | os 
i $s 3 |\BFs|63| 3 & |e s 8 
= e 3 > aul w|i = “oe 3s ia 
ae ~ = |s$s! .8| 2 Els a: 
e . es z a a 5% ° bes « S = S 
2 E be = = a = | & |S2.1g = = > | S |e 4 |S 
4 3 © 3 z 5 7 - e = |SeSi\c 5 2 7 zi Sie So | 2 |e\s 
2|}si/fl/e/3)/8 | 31/2) £/18) 8) Fikes |S) sls) sis isis 2.3 |-tk 
| > = < a > = “<i'&/Aj|0 lq = > | s <i 5B ik le als > |x 
Lhs Lbs Lbs Lbs 
€T per per per 
Cu Cu sq Cu sq sq. | 
ft ft. in ft in | in. | 
Serie 2 1. 10,0. 308 0.321 (0.050 (0. 371 (0.629 | 0. 304)0. 325.0. 037 0. 362.0. 638 5, 290 1,0) 134)1. 223)0. 315\0. 051/0. 3660. 634) 690} 10.1) 201] 1.82, 6.33 10. 39.0. 33017. 67 
2 1.10) .295 | .303 | .088 | .341 | .659 | . 292) . 306) . 030) . 336) .664/4,597) 2.5) + 343/1. 213) . 204) . 066) . 360) . 640) 706| 4.3] 83] 1.83) 6.35! 9. 73! . 33316. 52 
4 1. 10) . 2855) . 283 036 319 | . 681 281) . 288 . 020) . 308) . 692)4, 229 3.0) 365/1. 148) . 282) . 040) . 322 . 678| 647) 15.9] 239] 1.86 6.47 8.98) . 33416. 55 
2 1.10) . 274 261 | .028 | . 289 .71 271) . 264; . O17; . 281) . 719/3, 992 1.7} 173)1. 103) . 260) . 085) . 295) . 705) 657 5.0} 76, 1.88) 6.53) 8.15) .333)6. 08 
1.10) . 264 | . 239 | .0225) . 2615) .7385| . 260) . 242) . 009! . 251) . 749)3, 261 2.7) 227/1. 058) . 238) . 026) . 264) . 736) 679 2.7| 48) 1.94) 6.73) 7. 27| .333/4. 80 
1.10) . 2545) . 215 O185| . 2335) . 7665 252) . 216) . O11, . 227) . 773)/3, 067 0.5 36)1L. 018) . 215) . O18) . 233) . 767| 676 -8}| 13) 2.01; 6.99) 6. 25) .322\4. 54 
5 1.10) . 2435) . 186 | .012 802 | . 243) . 187) . 008) . 195) .805)2, 299) 9.9) 580) . 986) . 184) .024) . 208) . 792) 606) 3.0) 42) 2.09 7.25) 5.20) . 3143.79 
a 
Serie 76, . 000/110. . 316 | .0615) .: . 6225) . 304) .312) .062) . 374) .626)/2,820) 8.4! 612)1. 228) . 309) .071) . 380) .620) 759| 1.4] 30) 1.78] 6. 14/10. 27) .390)3.72 
t 76) .102)1.10) .: 298 | . 0555) .6465| . 291) . 302) . 044) . 346) .654.3, 312) 16. 5)1, 530)1. 189) . 296) . 062) . 358) . 642) 605 1.1) 18) 1.84) 6.34) 9.62) .322)5. 47 
76| . 208/1.10) . ¢ 278 | . 0525 . 6695) . 283) . 281) . 043) . 324) . 676/3, 787) 2.5) 2389/1. 159] . 275) . 063) . 338) .662) 621| 5.9] 92) 1.88) 6.46) 8.80) .317/6.10 
Ss 76) . 3041.10, . 2715) . 253 27 254) . 037) . 291) . 709.3, 491 4.3, 391/1. 091) . 252) .043) . 295) . 705) 642 5.1} 92) 1.85) 6.36) 8.06) .321/5. 44 
¥ 76! . 4404/1. 10) . 26: 232 261) . 234] .027) . 261) . 739/3,418| 4.3) 364)1. 048) . 234) . 030) . 264) . 736) 638) 6.5) 120] 1.92) 6.60] 7.17] . 31915. 36 
76) . 5051. 10) . 252 2085 252] . 209) . 023) . 232) . 768)3, 092 2.2) 158)1. 025! . 206! . 041) . 247] . 753] 532 6.2| 84) 1.98) 6.85) 6.20) .313/5. 81 
@ 76 . 6051.10) . 246 1815 5} . 2 242) . 182) .017| . 199) .801/2.875) 2.8) 199) .904) .178] .040) . 218) . 782) 457 2.4) 29) 2.07) 7.13) 5.17| .308/6. 29 
t 76) . 704/1. 10) . 2355) . 162 | .O115| .17 . 8265 236) . 161) .014) . 175) .825)1, 721 3.7 st . 044) . 161) . 014) . 175) . 825) 348 4.1) 43) 2.40) 8.25) 3.94) . 27814. 95 
: | } j 
\] Series 76} .0 |1.10| .308 | .321 | .050 | .371 | . 629 305) . 325) . 038) . 363) . 637/4, 606) 4.3) 579/1. 254) .318) .059) . 377) . 623) 670} 5.9] 111) 1.83) 6. 34/10. 35) . 33016. 87 
- 576) .1) 1. 10) . 206 | . 3035) . 0415! .345 | . 655 95| .305| . 037! . 342) .658/4, 227) 2.5) 281/1. 203] . 299) . 056) . 355! .645/ 597/ 3.7) 55] 1.84! 6.40) 9. 62) . 32617. 08 
n 576) .2 {1. 10) . 285 | . 2805 . 0375} - 318 | . 682 . 282) . 032) . 314) . 6863, 905 6.5) 630/1. 585) . 276) . 052) . 328) . 672) 583 2.7; 38) 1.84) 6.40) 8.89) .327/6. 70 
576] .3 11. 10) . 274 | . 261 | .028 | . 289 7il . 261) . 030) . 291) . 709/3, 738) 3.0} 2821. 122) . 255) . 042} . 297) . 703) 520 4.9) 61] 1.89) 6.55) 8.03] .322/7. 19 
576) .4 /|1. 10) . 264 2375) . 0245) . 262 738 . 238) . 023) . 261) . 739/3, 465) 1.4) 112)1. 043) . 240) .013) . 253) . 747) 505 2.9} 32) 1.93) 6.70) 7.17] .321/6. 86 
‘ 576) .5 }1. 10) . 258 221 | .021 | . 242 758 . 221) . 021) . 242) . 758!2, 586 2.0) 152}1. 027) . 222) .016) . 238! . 762!) 561 1.9) 26) 2.10) 7.30) 6.13) .304/4, 61 
76) .6 {1.10} .245 | . 1915) .012 | . 2035! . 7965 . 191) .014) . 205 . 795\2, 249) = 1.7) 106) . 979) . 194) .007| . 201 . 799) 459 1} 2] 2.17) 7.52! 5.13) .301/4. 90 
} 76) .7 |1.10) . 242 1815) . 0095) . 191 809 . 183) . 001) . 184 . 816 1, 017 4.9 136) .963) . 183) . 004) . 187) .813) 305 8| 6) 2.70! 9.38) 3.94) . 2703. 33 
if Aver- ; : ai an aia : : . ? ; es a, ~ 
e age 4.0 4.2 4s 5. 68 
r T ae, ta oa Sei enlaces 
, ken from concrete-voids curves 
* Each value is the average of 3 values except beam densities and voids which are based on 1 determination each. 
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TABLE 13. 


Calculations to determine the amount of water neede 
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d to lubricate the coarse aggregate in concrete mixtures at basic 


water content: 


l 2 3 4 ) 
b. Density Ww, - Air 
GRAVEL 
0.0000 0. 6290 0. 2870 0. 3710 0. 0840 
1017. : 6515 2710 3485 0775 
2032 6770 2530 3230 0700 
-3040 - = 7105 2300 2895 . 0595 
4045 _. 7380 2110 2620 0510 
5054. 4 ‘ 7695 1895 2305 0410 
6047 <> 8045 1650 1955 0305 
7039 8300 1470 1700 | 0230 


Average 


CRUSHED LIMESTONE 





0.0000 ___. . 6420 2020 3580 0660 
1000 6640 2750 3360 0610 
2000 _ . 6890 2570 3110 0540 
3000 _. 7145 2370 2855 O485 
4000 __ 7430 2170 : 0400 
5000 _. 7725 1950 { 0325 
.6000 S070 1690 1930 0240 
Average 


6 rf s Y 10 ll i2 13 
Water 
y Water per 
Volume cubic 
of dry —— Volume Water — foot of 
materi- Batch Volume Rk. 7 sand required | ., sa : coarse 
als plus | volume water rk ek ' and for pect aggre 
absorp- — cement mortar —— gate, by 
tion aici { gate solid 
volume 
Cu. ft Cu. ft Cu. ft Cu. ft Cu. ft Cu. ft Cu. ft Gallons 
0. 1901 0. 3022 0. O867 0. 0000 0. 1901 0. OS67 0. 0000 0. OOF 
1907 2927 0793 0194 1711 0780 0013 a) 
1914 2827 O715 O3S88 1521 0693 0022 424 
1921 2704 0622 0582 . 1331 | 0607 OO15 19 
1927 2611 0551 0776 1141 . 0520 0031 oy 
1934 2513 0476 0970 0951 0434 | 0042 
1939 2410 O3Y8 1163 0761 . 0847 | 0051 2 
1946 2345 0344 1357 0571 0261 0083 i 
1940 we21 OSS 1 0000 1940 OS8S1 0000 (MM 
1942 2926 O05 0194 . 1746 | 0793 | OOLL 12s 
1944 2825 0726 0388 . 1552 | 0726 ool 40s 
1946 2725 0646 0582 1358 . 0617 OO2S 
1948 2625 0568 0776 1664 0529 0040 s4 
1951 2526 0483 0970 O970 0440 0052 Hn 
1953 2422 0409 1164 . 0776 0352 OO57 td 


Water to lubricate coarse aggregate with 5, of 0.00 is not included in the averages shown 


The values for the water required for mortar shown in column 11 for those mixtures containing coarse aggregate are in the same ratio to the corresponding values for 


volume of sand and cement shown in column 10 as the ratios between similar values (in same column), for the mixture containing no coarse aggregate 
the mortar miixture, from which the water values for the mortar in the concrete mixtures are computed, is obtained from the mortar-voids curve 
the coarse aggregate for each mixture shown in column 12 is the difference between the corresponding water values in columns 8 and 11 


TaBLe 14.—Water and total voids per unit volume of concrete at 





basic water content for different values of bs 


Series 1 Series 2 Series 3 


b Water | Total b Water Total Water Total 
’ voids | voids . voids | voids y voids voids 
Percent | Percent Percent Percent Percent Percent 
0.0 0.292 0.358 0. 00 0. 287 0. 371 0.0 | 0.292 0. 358 
a. . 275 . 336 . 102 271 . 3485 a . 246 336 
= 257 . dll 203 . 253 3233 | . 255 308 
.3 . 237 . 2355 . 304 . 230 2895 3 2375 2s4 
4 217 . 257 . 404 . 211 262 4 216 255 
5 195 | .2275 .505  . 1895 2305 5 | .201 235 
6 . 169 193 605 .165 | . 1955 6 .174 1975 
704 147 .170 me 165 185 


TaBte 15.—Proportions by weight for all mixtures used in strength 
specimens in each series 


Series | Series 2 Series 3 


Proportions by Proportions by Proportions by 


weight weight weight 
b, e 2 b, o e b, © © 
e |e6| 86 B im5| S5 BS |m5| S6 
ra zi-a at + A ra ~ % 
a 3 r) © 3 3 © x = 
0.0 | 1.00 | 2.09 | 0.00 | 0.000 | 1.00 | 2.08 0.00) 0.0! 1.00; 2.09 0.00 
-1} 1.00) 2.09 34 . 102 | 1.00 | 2.08 32 1 1.00 2.09 32 : 
- ; 1.00 | 2.09 . 76 . 203 | 1.00 | 2.08 73 2! 1.00) 2.09 72 
3) 100 2.09 1.31 304) 1.00 | 2.08) 1.25 3 1.00 | 2.00 | 1.24 
4/ 1.00 | 2.09 | 2.04 -404 | 1.00 | 2.08 | 1.95 4/| 1.00 | 2.09 | 1.93 
5/1 1.0 2.09 | 3.06 -505 | 1.00 | 2.08 | 2.92 5} 1.00' 2.09 2.89 
6/ 1.00 | 2.09 | 4.59 -605 | 1.00 ' 208 4.39 611.00 209 433 
ae .704  1.00' 208 6.81 -7 11.00 | 200 | 6.74 


voids decrease as 6, increases. 


Figures 15 and 16 show the relation between the 
values of 6, and the compressive and flexural strength 
of the concrete. 

Figure 17 shows photographs of the slumped concrete 
for each mixture and the beam breaks with the exposed 
particles of coarse aggregate painted. 


| basic. 
| In each of these figures the point of basic and the point 


The water value for 
he water required 


RESULTS OF SECOND GROUP OF TESTS DISCUSSED 


The two outstanding results shown in the first group 
of tests are repeated in these tests. They are as 
follows: 


. : » a ° ° 
For a particular value of — a relation exists between 
> 


the values of 6b, and the points of basic water content 


|The same relation likewise exists between the values of 


b, and the points of other relative water contents (1.10 
relative in these tests), which are computed from the 
This relation is shown in figures 10, 11, and 12 


of 1.10 relative water content on each 6, curve fall 
on lines that are approximately straight. 

For a particular relative water content, 1.10 in these 
tests, the slump of every concrete mixture composed of 
the same kinds of materials is nearly constant regardless 
of the value of 6, for the mixture. The results of the 


'slump test for each mixture in each. series are shown in 


table 12. Figure 17 shows the slumped concrete for all 
mixtures in each series. The consistency of the slump- 


| relative water relation is demonstrated by the fact that 


in each series the slump of the mixture containing no 
coarse aggregate is approximately the same as the 
slump of the mixture containing the maximum amount 
of coarse aggregate. 
Other interesting results shown by these tests follow 
The point of basic water content may be different for 
every different combination of materials. For a siven 


a P 
value of — the amount of water and the resulting 
P 


This is shown in table 
14 and in figures 10, 11, and 12. The amount of water 
required to give maximum density to combinations 0! 


: . ° » a 
different materials having the same values of nd 5, 


may vary for different brands and gradations of «emen! 
and for different kinds and gradations of fine and coarse 
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Figure 10.—ConcrETE-Voips CURVES FOR Fikst SERIES 


ageregate. This is shown in table 14. The water and 
the total voids vary for similar proportions in the 
different series. 

The concrete mixtures having maximum density as 
placed in the mold in this test contained both water and 
air \ olds. 

The well-known relation between the water-cement 
ratio and the strength of concrete both in compression 
and flexure is shown in figures 13 and 14. 
ship does not approach a straight line as closely as in 
the first series of tests. 

No relation is apparent between densities and 
strengths of different concrete mixtures. However, table 
11 shows that the density increases and the strength 
decreases as the value of 6, increases for each series. 

Mixtures with the same relative water content and 


a . . 
the same values of : and 6, may vary considerably in 


slump, depending on the characteristics of the ingre- 
lents. Table 12 shows an average slump of 5 inches 
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AND CONSTANT VALUE OF > = 2.576). 


for series 3 and 2 inches for series 2. The same kind of 
fine and coarse aggregate was used in both series, but 
the brand of cement was different. There is also a 
difference in the average slumps of series 1 and 3 of \& 
inch. Here the only variation in the kind of materials 
used was in the coarse aggregate. Series 1 had an aver- 
age slump of 4% inches, against a slump of 2 inches for 
series 2. Different brands of cement and different kinds 
of coarse aggregate were used in these series. It ap- 
pears from this test that the characteristics of the cement 
play an important part in affecting the slump or worka- 
bility at any particular relative water content. The in- 
fluence of the fine aggregate or the combination of fine 
aggregate and cement on the slump is not shown since 


| the same kind of fine aggregate was used in all series. 


In these tests the compressive and flexural strength 
of concrete decreased as the value of b, increased. 
This is shown in figures 15 and 16. There are excep- 
tions to this trend, however. It is believed that these 
exceptions are due to the inconsistencies inherent in 
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Figure 11.—ConcreETE-Voips CURVES FOR SECOND SERIES 


testing work. As an example, figure 15 shows low 
compressive strengths for mixtures of series 2 with 
values of 6, of 0.00 and 0.10. Table 11 shows that for 
these particular mixtures the maximum spread in the 
strengths and the average of the variations from the 
mean are excessive. One of the cylinders with a value 
of 6, of 0.10 had a strength of 4,033 pounds. <A poor 


cylinder in the group brought the average down. With | 


the exception of these two mixtures the strength-b, 
relation is more consistent for the cylinders than for 


the beams. The corresponding values of af for all 


values of 5, are shown in table 11. 
The relation between the kind of cement used and 
the strength of the concrete is shown in table 11. The 


slump of the concrete in series 1 and 3 was 4% and 5 


inches, respectively. The slump of the concrete in 
series 2 was 2 inches. 


Had series 1 and 3 been made 
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2.576 


(VARYING VALUES OF b, AND CONSTANT VALUE OF 


with a relative water content such as to give a 2-inch 
slump the strengths for these series would doubtless !e 
much higher and would be considerably in excess of tlie 
strengths of corresponding mixtures in series 2. Tlie 
same aggregates but different brands of cement were 
used in series 2 and 3. The same brand of cement but 
different coarse aggregates were used in series | and 3. 
Had these brands of cement been used with other ku! 
of fine aggregate the resulting slumps and streng 
might have been still different. 

The proportions by weight of all mixtures are shown 
in table 15. The proportions of mixtures having s!'1I- 


S 


ns 


\lar values of b, differ somewhat in the different s 
| due to differences in the specific gravities of the ma- 
| terials. 

| In these tests no definite relation was found between 
the compressive and flexural strengths of specimens 
Table 11 shows the 


es 


composed of the same mixtures. 
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ratlo of compressive to flexural strength for all mix- 


tures. This ratio varies from 3.33 to 7.70 with an aver- 
age for all mixtures of 5.68. 

The amount of water required to give maximum 
density to a particular mortar is not the same as that 
a ured to give maximum density to the concrete 
wh 


ven coarse aggregate is added to this mortar. Addi- 
tional water is required in the concrete by the coarse 


ageregate. Table 13 has been prepared from the 
concrete-voids curves for series 1 and 2 to show this 
relation. The last column shows the amount of water 


in addition to that required for the mortar) in gallons 
per cubic foot of solid volume of coarse 
required to give maximum density to the concrete. 
The values are fairly consistent for all values of 6, for 
each of the two types of coarse aggregate used. The 
Variations in the values are, no doubt, due to irregu- 
larities in the curves from which they were computed. 
These data indicate the nec essity for making density 


dete: iminations on the concrete mixture rather than on 
the mortar in the concrete. 


aggregate 
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CONCLUSIONS 


The results of these tests corroborate general knowl- 
edge concerning the behavior of concrete mixtures. 
They shed new light and help to rationalize the complex 
relations existing in such mixtures. The 
conclusions are based on these results: 

1. For the range of water contents equal to or greater 
than basic, density determinations and the concrete 
voids curves resulting from them offer a definite basis 
for determining, for a given combination of particular 
materials: 


f« ble wing 





The amount of water required to give maximum 
density and maximum strength. Expressing amounts 
of water in terms of this basic water content establishes 


a definite unit of measurement for designating the 
water required for any degree of workability. 
The total voids for each relative water content. 


These data are necessary to accurately compute the 
solid volume of each ingredient required to produce a 


unit volume of concrete and the resulting water-cement 
| ratio. 
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RE 14.--Errect oF WATER-CEMENT RATIO ON FLEXURAI 
STRENGTH. 
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FIGURE 15 EFFECT OF VARIATION IN COARSE AGGRE¢ 
CONTENT ON COMPRESSIVE STRENGTH. 


The effect of different kinds of ingredients on 
amount of water required for maximum density 
for different degrees of workability. 

2. The density of the concrete should be determu 
rather than that of the mortar. 

3. The amount of water required to give maxin 
density or to give a particular degree of workabi 
may be different for every different combinatior 
materials. "To specify a fixed amount of water 
unit volume of cement or concrete regardless of 
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eT 
the 


proportions and charae¢teristics of the ingredients is not 


sound. 
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hicgurRe 16.—Errect or VARIATION 


CONTENT ON FLEXURAL 


IN COARSE 
STRENGTH. 


AGGREGATI 


4. The strengths of different concrete mixtures com- 
posed of different kinds of materials apparently bear 
no relationship to their respective densities. The 
— of a particular concrete mixture, however, can 
be expected to vary directly with its density, 
water content 1s ~- al to or greater than basic. 


when the 


The symbols - 


e Cc 


and b, offer a definite basis for 


designating proportions. With these designations the 
proportions of the cement and aggregates remain 
constant, and do not change with changes in the rela- 
tive water content, as would be the case were the pro- 
portions of these ingredients expressed as the ratios of 
their respective volumes to a unit volume of concrete 
The method used is particularly convenient in designat- 
ing the basic proportions of cement and aggregates to 
which increments of water are added in making density 
determinations for the conerete-voids curves. 

\. The strength of concrete varies directly with the 
Water-cement ratio. 

7. The slump of a concrete mixture depends largels 
on its relative water content. For the same relative 
Water content and the same kinds of ingredients, the 
slump will be about the same regardless of the propor- 
tions of cement, 


) fine and coarse aggregate used in the 
mixture. 
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SLUMP 


SPECIMENS AND CORRESPONDING 
BeEAM BREAKS FOR TEST SERIES 1, 2, AND 3 IN THE ORDER 
NAMED FROM Tor To Bottom VALUES OF h, ARE SHOWN 
ABOVE BEAM SPECIMENS CoaRsSE AGGREGATE HAS BEEN 


PAINTED ON Upper BEAM BREAK IN Eacu Case. 

8. A definite relationship evidently exists between 
the basic and relative water contents and the values of 

. ° ee 
6, for any particular value of 

- 

The results in the first group of tests indicate that a 

relation exists between the basic water content and the 


values of 


for any particular value of ),. 
i 


The range 


test, howey er, 


and V 


-@ . 
values of in this 
- 


resulting values of W 


in the was not great, 


and the 
a 


. for each value of 


for this 


( 
The direction that this 
whether the values sa W 


water content were rather close together. 


will take, that is, 
will increase or de- 


relation 
and \ 
crease as the value of = increases can be expected to 


be regulated by the characteristics of the sand and 
cement used, and by the particular range in the values 


a 
of considered. 
c 














MECHANICAL ANALYSIS OF PORTLAND 
CEMENT BY THE HYDROMETER METHOD 


BY THE DIVISION OF TESTS, UNITED STATES BUREAU OF PUBLIC 


ROADS 


Reported by E. A. Willis, Assistant Highway Engineer, and C. M. Johnston, Junior Civil Engineer 


HE hydrometer method of making a mechanical 

analysis of soils as described in the report ‘‘ Pro- 

cedures for Testing Soils for the Determination 
of the Subgrade Soil Constants’’, Pustic Roaps, vol- 
ume 12, no. 8, October 1931, is adaptable, with few 
modifications, to the analysis of any fine-grained mate- 
rial. The chief advantages of the method are the ease 
and rapidity with which the analysis may be made, the 
flexibility of the procedure in respect to the number of 
grain sizes for which percentages may be determined 
and the suitability of the test for analyzing materials 
consisting of very small particles. 


METHOD BASED ON STOKES’ LAW 


The previous article described a general method of 
analysis of fine-grained materials by the use of ahydrom- 
eter. A known weight of material is dispersed in a 
known amount of a suitable fluid. Settlement of 
particles takes place according to a physical law (Stokes’ 
law), the larger particles settling most rapidly. Meas- 
urements of specific gravity are made with a hydrometer 
at various intervals of time. The specific gravity at 
any instant may be used to calculate the percentage of 
material remaining in suspension at that instant. 
A formula based on Stokes’ law may be used to calculate 
the diameter of the largest particle in suspension at the 
time of measurement. Since it is approximately true 
that all larger particles have settled out of the liquid, 
the percentage of particles larger than the maximum 
size just referred to is easily determined. 

The inherent errors of the method are described by 
R. C. Thoreen in an article entitled ‘‘Comments on the 
Hydrometer Method of Analysis’, Pusiic Roaps, 
volume 14, no. 6, August 1933. This report also de- 
scribes a specially designed paddle and cup whicli are 
an improvement over those originally used. 

This report describes in detail the procedure used in 
the mechanical analysis of portland cement. Since 
particles large enough to be retained on a 200-mesh 
sieve settle out of a liquid such as kerosene very rapidly, 
it was necessary to determine the percentage of larger 
particles by the ordinary screen analysis. 

A series of sieves of square-mesh wire cloth, conform- 
ing to the standard specifications for sieves for testing 
purposes of the American Society for Testing Materials 
Serial Designation E-11, are used. The sieve numbers 
with their openings in millimeters are, resepctively: 
No. 10, 2.00 mm; no. 20, 0.84 mm; no. 40, 0.42 mm; no. 
60, 0.25 mm; no. 140, 0.105 mm; and no. 200, 0.074 mm. 
A 50-gram sample of dried cement was used in the sieve 
analysis. Results of an analysis are shown in table 1. 

The formulas necessary to compute the percentage 
of material in suspension in a liquid when the density 
is known and for computing the maximum diameter of 
particle in suspension are given below. The derivation 
— formulas is discussed in the reports mentioned 
above. 
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TABLE 1.—Results of sieve 50-gram sample of 


Fraction Total passing 


Passing | Retained Diameter 


sieve sieve Weight Amount Amount largest 
no no particle 
Grams Percent Percent Mm 
10 20 0. 000 0.0 100. 0 0. 840 
20 40 0. 000 0.0 100, 0 0. 420 
40 60 0. 000 0.0 100.0 0. 250 
60 140 0. 150 0.3 99. 7 0. 105 
140 200 1. 850 7 96. 0 0. O74 


For a 50-gram sample of cement dispersed in enoug! 
liquid to make 1,000 cubic centimeters of mixture, 


50P 
Y Of 50P 
GA 1.000 . a re. I 
G 100 
D 1,000 


density of the mixture of cement and 
kerosene, 


in which D 


(,=specific gravity of the kerosene at the 
temperature at which D was obtained, 


specific gravity of cement, 

percentage of dispersed cement in suspe 
sion. 

Solving equation (1) for P, 


G 
and P 


D G . 

) 9 Y n ) 
P=2,000 G( Gn ). ae 2 
30nL O3806nL 
d ‘ a a=, 

V 980(G-G,)T WV (G—-G4,)17 


In this equation 

d=maximum grain diameter in millimeters. 

n=coefficient of viscosity of the suspending medium 
in poises. Varies with change in temperatiire 
of the suspending medium. 

L=distance in centimeters through which particles 
settle in a given period of time. 

7 = time in minutes of sedimentation. 


DETAILS OF TEST PROCEDURE DESCRIBED 


A density type hydrometer is most satisfactory for 
the determination of the percentage of particle- i 
suspension. In the investigations forming the basis 0! 
this report two hydrometers were used, since no single 
hydrometer covering the necessary range was available 
The hydrometer should read from a minimum corre- 
sponding to the density of the kerosene used, ‘0 3! 
maximum corresponding to the density of a suspension 
of 50 grams of cement per liter. For ordinary condi 
‘tions a hydrometer having a range of 0.75 to 0.8. will 
| be adequate. 
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\ dispersing agent must be used in any mixture of 


cement with kerosene. Several dispersing agents in 
varying amounts were tried before it was found that 
60 drops of oleic acid to the liter of kerosene was satis- 
factory. The oleic acid and kerosene should be mixed 

fore the cement is added. It is important that the 
suspending medium be free of water and that the cement 
be thoroughly dry at the time of dispersion if floccula- 
tion is to be prevented. 

The dispersion procedure is to fill the mixer cup to 
within 3 inches of the top with kerosene, add 60 drops 
of oleic acid, and mix for | minute. Remove cup, add 
50 grams of oven-dried cement and add enough kerosene 
to bring the level to within 2 inches of the top, then 
stir in milk-shake machine for 15 minutes. 

After dispersion, the mixture is transferred to a glass 
graduate and the dregs in the cup are washed into the 
graduate with more kerosene having the same constants 
and temperature as those used initially. Additional 
kerosene, having the same temperature as the constant 
temperature bath, is added until the mixture attains a 
volume of 1,000 cubic centimeters. The graduate con- 
tuining the cement in suspension is then placed in the 
‘constant temperature bath. The liquid is stirred fre- 
juently with a glass rod to prevent settlement of the 
articles until the liquid attains the temperature of the 
bath. Then the eraduate is removed and its contents 
thoroughly shaken for 1 minute. The palm of one 
hand is placed over the mouth of the graduate as a 
stopper and the graduate is given a slow end-for-end 
motion. At the conclusion of this shaking, the time is 
recorded, the graduate is placed in the bath and read- 
ings are taken on both the hydrometer and a thermom- 
eter in the liquid at the end of the following intervals in 
minutes: 1, 2, 5, 15, 30, 60, 250, and 1,440. 

The hydrometer is always read at the top of the 
meniscus formed around its stem. 

After the 5-minute reading is recorded, the hydrom- 
eter is very carefully removed from the liquid in such a 
luanner as to cause no disturbance in it, is wiped clean 
and immersed in another graduate containing pure kero- 
sene which is kept in the constant temperature bath 
One minute before the time for another reading it is 
slowly and carefully replaced in the liquid being tested 
This operation is performed to prevent cement particles 
from settling on the hydrometer and also to prevent 
the hydrometer from reducing the horizontal sectional! 
area of the liquid through which the cement particles 
settle. The reading should not be taken until the 
hydrometer has come to rest. 

Solution of the formulas requires information as to the 
specifie gravity of the kerosene at the temperatures at 
which readings were taken, the coefficient of viscosity 
of the kerosene at the same temperatures, values of L 
for particle settlement, and the specific gravity of the 
cement. Specific gravity tests should be run on the 
Kerosene at various temperatures and a curve plotted 
is shown in figure 1. Values corresponding to any tem- 
peratures can be taken from the chart. Similarly a 
thart for the viscosity-temperature relation is pre- 
pared, as shown in figure 2. Values for the viscosity 
‘oeflicient were determined by means of an Engler 
viscosimeter using the formula suggested by the United 
State s Bureau of Standards. 


a See The Redwood V iscosimeter”’ , by Winslow H. Herschel, U.S. Bureau of 
andards Technological Paper no. 210, p. 243. 
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Values of L, the distance through which the particles 
fall, were assumed to be the distance from the surface 
of the liquid to the center of volume of the hydrometer. 
Figure 3 shows such values for each hydrometer for 
various readings. | 

The specific gravity of the cement may be determined 
by the usual pycnometer method. 

Table 2 shows the results of a series of hydrometer 
readings and the computations based on them. 

As an example of the use of the formulas assume that 
it is desired to find the percentage, P, of cement in sus- 
pension after 2 minutes. 
Tp 


D as 
- 3.065, and Qu 0.0136 when 7 =2 
1 1) 


P =2,000 < 3.065 x 0.0136 =83.42 percent. 

Assume that it is desired to find the diameter of the 
largest particle in suspension after a 30-minute period 
of sedimentation. According to table 1, after a 30- 
minute period, the temperature was 77° F. Conse- 
quently, G,=0.7885 and n=0.01088 poise. Since the 
hydrometer reading at this time was 0.8050 the distance 
L (fig. 3) equals 20.96 em. 
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Solving equation 3 for d we obtain, 












] 0.0306 < 0.01088 X 20.96 
( =pe ‘ 
\ 2.2765 <X 30 
d=0.0101 mm, 
TABLE 2.—Tubulation of observations and computations 
Sample No. 11,724 Specific gravity =G@=3.055 
D-G 
T } D ( D-G G-G = n I i l 
G-Gy 
Min G Ot Poises Cm. Pct miu 
1 82.0. 8210.0. 7866.0. 0344 2 2784.0. 0151 0. 01025 18.06 93.0. 0499 
2 &] SISO TS7T0 0310 2. 2780 O1L36 OLO3S 1S. 60 So O360 
5 xO S130 re. O256 2 oO11l2 01050 19. 51 Hy O23 
15 78 . 8090 | 7SS1 02090 os 0092 . 0107520. 24 6 . 0139 
x0 77\| . 8050 . 7885) . O165 2. 27 0072 . OLOSS 20. 96 44 O10 
60 re 7940 . 7885) . OO55 2 27 0024 . OLOSS ' 8S. 42 15 .004 
250 wi 7910 . 7885, . OOS 2. 2765 OOLL .OLOSS SS. 64 7, .0022 
1,440 77, 7895 7885) . OOLO 2. 276 0004 . 0108S 8. 72 OO0o4 
! The sudden change in values of LZ is due to the use of another hydrometer at t 
point. 


The data in the last two columns of table 2 may b 
used to plot a grain-diameter accumulation curve as 
shown in figure 4 with the exception of the portion ot 
the curve for diameters of over 0.05 millimeter. This 
portion of the curve is derived from the data of table | 
This curve is plotted on semilogarithmic paper. 


OBSERVATIONS ON BULLDOZERS AND LARGE 
SCRAPERS IN GRADING WORK 


BY THE DIVISION OF MANAGEMENT, UNITED STATES BUREAU OF PUBLIC 


ROADS 


Reported by ANDREW P. ANDERSON, Highway Engineer 


HE use of large tractor-powered bulldozers as | 


actual excavating units and the use of large- 

capacity scrapers are comparatively recent innova- 
tions in highway grading. From time to time, this 
type of equipment has been found in use on jobs on 
which production studies were being conducted by the 
Bureau of Public Roads and the data thus accumulated 
will be summarized and reviewed briefly. 

The bulldozer has long been standard equipment on 
the dump or fill, but its use in the cut as a combined 
excavating and hauling unit has, until recently, been 
very limited. All available data, however, indicate 
that the bulldozer and the modified type frequently 
known as the ‘‘trail builder” are well adapted to 
moving common excavation where the hauls are com- 
paratively short and down rather steep grades and the 
materials are, or can be made, loose enough to permit 
the rapid accumulation of a load. If the material is 
at all hard or solid, it should be loosened with a rooter 
or a scarifier, or by blasting. The bulldozer is entirely 
satisfactory only where the ground is loose enough to 
permit a load to be picked up within a length of 25 
to 40 feet with the tractor moving at a speed of 2.0 to 
2.5 feet per second. If the material is too hard or 
tight to permit a full load to be picked up in from 10 to 
20 seconds, it should be loosened with a rooter or by 
scarifying or by blasting. : 

BULLDOZERS USED IN CONJUNCTION 


WITH POWER SHOVEL 


_ The tractor-powered bulldozer has thus far found 
its widest use as an excavating unit in conjunction with 


the power shovel when operating in rather rough, 
broken country with a deep mantle of soil or deeply 





weathered and decomposed rocks and_ shales. 


Th. 


| bulldozer has certain characteristics which appear 
limit its profitable operation as an excavating imple- 


ment to jobs having these general features. It is mos! 
effective in moving material down steep slopes. As the 
grade decreases the efficiency decreases very rapidl\ 
and on an ascending grade the efficiency of transports 
tion is very low. 

Proper material is essential. The material must 
naturally loose or at least sufficiently friable to pern 
rapid and direct accumulation after loosening. Hard 
rocks and very hard shales can rarely be shattered 
sufficiently for movement with a bulldozer. 

A relatively short haul is the third requiremen! 
The tendency of the materials to spill around the end 
of the bulldozer blade usually makes long movemen's 
unprofitable. Unless the grade is very steep a larze 
load at the start will soon dwindle to a small one 
Where a large yardage is moved along one path a 
trough or trench is formed by spillage around the ends 
of the blade and soon becomes sufficient to reduce 
further spillage. This advantage of path movement 
on long hauls should be utilized as much as possi! le 
Sometimes the spillage around the ends of the bull- 
dozer blade can be reduced by working two bulldozers 
abreast with their blades only a few inches apart. 
| Observations on a job where this was tried indicated 
| that the yardage moved per trip by the two tractors 
was increased nearly 20 percent over that moved 
| when working independently. 
| The bulldozer is particularly useful in conjun tion 
| with the power shovel. On steep ground the pioneer 
|road work necessary for the shovel to reach the [first 
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lift of a deep cut can frequently be greatly reduced 
and sometimes entirely eliminated by having the bull- 
dozer build up both an approach for the shovel and a 
hauling road for the trucks or wagons. Often a cut 
which would normally be made in two or three lifts 
may be reduced in this way by one lift and better 
hauling roads provided because of the adaptability of 
the bulldozer to the conditions. With the bulldozer 
this can generally be done with the movement of only 
pay materials, whereas the older method frequently 
requires the movement of considerable quantities of 
honpay materials in the construction of approach 
roads in zigzags up the steep slopes. 

The bulldozer has been found effective in sidehill 
work. Work is usually begun along the upper line of 
slope stakes and the material moved ahead and to the 
side as the conditions may require. So long as the 
material is loose or can be loosened and the haul dis- 
tance is short enough to maintain a rather steep grade 
along which to move the material, good production 
rates can be maintained. 

_ The best operating speed at which to haul the loads 
is still largely a matter of opinion. The general prac- 
tice is to work at about the maximum speed possible 
Without obviously straining the power unit. This 
practice may be entirely correct for many or possibly 


most eases. It was noted during recent job studies 
that in moving loose, noncohesive material down steep 


grades the amount of material which would push or 
flow in front of the blade was much larger at a speed 
of 2 feet per second or less than for a speed of 3.5 feet 
per second. There appears to be some optimum speed 
which will yield the greatest production, at least when 
moving loose, noncohesive materials down steep grades. 
However, no definite data are available as to what this 
most productive speed is or how it may vary with 
different materials and on different slopes. 

Opening a cut with the bulldozer in ground as de- 
scribed above is comparatively simple, although on 
Very steep ground considerable skill and ingenuity are 
required in maneuvering the bulldozer in its climb to 
the very top of the cut. Once this point has been 
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Tue LarGest Loaps ARE MOvED ON STEEP GRADES. 





reached the bulldozer begins to dig along the highest 
point of the upper slope line. The excavated material 
is pushed ahead toward the fill. If the ground slope 
is steeper than the tractor can readily climb in reverse, 
the material is simply pushed clear of the immediate 
excavation and allowed to accumulate along the line of 
the hauling road until a runway is provided with flat 
enough grade to permit the bulldozer to return readily 
in reverse after delivery of its loads to the fill. If the 
ground slope is already flat enough for the tractor to 
return fairly easily, every load is carried to the fill. 
In both cases the slope of the hauling road for the 
bulldozer is kept as steep as possible because, within 
limits, the steeper the grade the larger the load which 
can be carried to the fill 

As the work progresses the runway is widened to 
finally include the full width of the cut. In a wide cut 
three or four bulldozers can sometimes be operated 
without interference, and even more if the haul is in 
both directions. If the material becomes too hard for 
easy loading, a heavy scarifier or rooter drawn by a 
powerful tractor may be used to loosen it. If the 
ground becomes still harder, blasting should be re- 
sorted to. The harder rocks and shale, however, can 
seldom be reduced sufficiently to make the use of the 
bulldozer profitable. When rock or ground of this 
nature is reached further work isleft to the power shovel. 

The steeper the grade the larger the load which can 
be carried to the fill and the longer the haul on which 
the bulldozer can be used profitably. The only limit 
to the grade is the ability of the tractor to climb on the 
return. <A large crawler tractor in good condition and 
equipped with a 10-foot standard bulldozer has been 
observed to climb a grade as steep as 50 percent. 

Field observations indicate that the average load 
which can be carried from cut to fill under ordinary 
field conditions varies with the length and shape of the 
blade, the grade along which the load is moved, and the 
character of the material. The observations are con- 
firmed to some extent by the data of table 1. During 
recent studies of the use of four bulldozers in moving 
considerable yardages it was found that loads frequently 
fluctuated as much as 100 percent. For a certain bull- 
dozer the smallest loads would be about 2 cubic yards, 
and the largest loads would be about 4 cubic yards. 

Recent improvements in control which permit inde- 
pendent vertical movement of either end of the bull- 
dozer and also lateral movement have considerably 
improved the utility. It is easier to keep the entire 
cut in proper condition for easy operation, and to shape 
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A, ScRAPER WitrHoutT FRONT CLosureE In LOADING PosiITIOoN 
Forwarp. B, Scraper with Futt Loap anp PusHING Ea 
Loap. D, A Typr or Scraper wuicu Dumps By OVERTURN 





TABLE | Operation characteristics of tractor- powered | l/ 
Bulldozer 1 
2 i 

Number of trips timed 3, 731 800 fil 
Cubic yards placed in fill 11, 741 1, 655 1, 822 2 
Production rate cubie yards per hour 68.4 57.0 $5. 2 4.1 
Pay yardage per load cubie yards 8.15 3. 24 2. 28 2. 41 
Loading distance ..feet 30. 0 410.0 28. 0 0 
Loading speed feet per second 2.4 2.4 1.4 Ae 
Hau! distance feet 168 216 300 239 
Hauling speed feet per second 3.7 3.2 3.2 1 
Return distance feet 200 260 40 O75 
Return speed feet per second 2.3 2.5 1.7 2 
Average grade percent — 26 17 ll ze 
Operating cycle 

Load seconds 12. 6 16. 6 20. ¢ i4 

Reverse or turn at dump do 1.9 2.0 2. 6 2 

Turn or shift at cut do 2.0 2.4 2. 8 2.4 
Minor time losses, percentage of working time 12.6 14.5 1s. 0 16.2 
Size of blade : . . feet {by 10 3by11.5 4by 10 4by 1 
Rated horsepower of tractor 65 65 60 60 


the slopes at the proper angle. These features are 
particularly valuable in sidehill work. 


LARGE TRACTOR-DRAWN SCRAPERS STUDIED 


Large tractor-drawn scrapers have been studied on a 
few grading jobs having large quantities of short-haul 
common excavation. These scrapers ranged in rated 
capacity from 3 to 8 cubic yards of loose material and 
were of six different makes. This number of different 
makes indicates that this type of equipment is far from 
standardized. However, those observed may be divided 
into two distinct classes: Those which carry the load 
pan or scoop clear of the road, and those which drag 
the load pan or cutting blade so as to transport a part 


Loap 1s Dumpep BY USE OF CABLE Wuicu Putts Back P 
RTH Berore I1 (, SCRAPER ARRIVING AT Dump witH a | 
ING ON FRONT SHOES 





MATERIAL LOOSENED BY SCARIFYING AND Movep wi! 
BULLDOZER. 


or all of the load by pushing it ahead of the pa! 
cutting blade. 

Some of those which lift the pan have definite pr 
sions for preventing or reducing spillage while the 
is being hauled to the dump. These provisions 
from substantial self-closing gates to simply tiltin: 
load pan to such an angle that the tendency fo! 
material to spill out is greatly reduced. In the | 
class, the pan is raised very little for the haul 
spillage is prevented or at least neutralized by ac: 
lating and dragging material in front of the pan 
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LoapDING A LARGE SCRAPER. 


TABLE 2 
sd capacit ibic yards 
lition of equipment 
iunber of round trips timed 
viding distance feet 
iding speed feet per second 
iling distance feet 
iling speed feet per second 
turn distance feet 
irn speed feet per second 
ping time seconds 
ing time do 
{load carried to dump, percentage of appar- 
it full load 
Average pay yardage in percentage of rated load 
acity 
capacity ubie yards 
tion of equipment 
Number of round trips timed 
Loading distance feet 
Loa ling speed feet per second 
Hauling distance feet 
Ha ig speed feet per second 
Return distance feet 
Return speed feet per second 
Du ng time seconds 
Turning time do 


ize of load carried to 
ent full load 

e pay yardage in percentage of rated load 
ity 


dump, percentage of appar- 


Adjusting the pan so as to drag material produced a 
considerable effect on the hauling speed. 


Good 
212 
180 
2.9 
254 
3. 2 
10.4 
18. 0 
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Ope ating characte ristics of large scrapers 


Scraper no 


4 
Fair 


od 
v2 
18 
1, 400 
3.0 
1, 450 
4.7 
34.0 
22.0 


75.0 


45.0 


4 
Good 
3, 200 
100 
2.0 


300 


400 
11.0 
20. 0 


90. 0 


53. 0 


When the 
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POSITION 





LOADING BY SCRAPERS OR 


eround the hauling speed was generally 30 to 50 per- 
cent higher than when the pan dragged sufficiently to 
retain a full load. The effect of reduced speed, how- 
ever, seemed fully compensated by the increased load. 
With the pan hoisted entirely clear of the roadway, the 
loss from spillage on steep or rough down grades was 
as much as one half of the original load when the soil 
was dry and noncohesive. Considerable difficulty 
was sometimes experienced in dumping the gate type 
of scraper when working in sticky or plastic materials. 

Results of observations on four jobs using six differ- 
ent types of scrapers are shown in table 2. Scrapers 
1, 2, 3, 4, and 5 were all on one job and operated under 
fairly similar conditions. Job 7 was observed only in 
the winter when the materials were wet, sticky, and 
difficult to handle. Scrapers and 1 and 7 and 5 and 6 
were of the same make and type but were observed on 


scraper was hauled with the load pan clear of the different jobs and under different conditions. 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 








Any of the following publications may be purchased from 
the Superintendent of Documents, Government Printing Office, 
Washington, D.C. As his office is not connected with the 
Department and as the Department does not sell publications, 


please send no remittance to the United States Department of 
Agriculture. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1927. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1928. 
5 cents. 
Report of the Chief of the Bureau of Public Roads, 1929. 
10 cents. 
Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 
Report of the Chief of the Bureau of Public Roads, 1932. 
10 cents. 
DEPARTMENT BULLETINS 
No. 136D . . Highway Bonds. 20 cents. 
No. 347D . . Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10 cents. 
No. 532D . . The Expansion and Contraction of Concrete 
and Concrete Roads. 10 cents. 
No. 583D . . Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25 cents. 
No. 660D . . Highway Cost Keeping. 10 cents. 
No. 1279D . 


. Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 15 cents. 


TECHNICAL BULLETINS 


No. 55T . . Highway Bridge Surveys. 
No. 


20 cents. 


265T . . Electrical Equipment on Movable Bridges. 
35 cents. 


MISCELLANEOUS CIRCULARS 

No. 62MC .. Standards Governing Plans, Specifications, 
Contract Forms, and Estimates for Federal- 
Aid Highway Projects. 5 cents. 

No. 93MC .. Direct Production Costs of Broken Stone. 


25 cents. 








MISCELLANEOUS PUBLICATION 
No. 76MP . . The results of Physical Tests of Road-Build- 


ing Rock. 25 cents. 


No. . . Federal Legislation and Regulations Relating 


to Highway Construction. 10 cents. 


REPRINT FROM PUBLIC ROADS 


Reports on Subgrade Soil Studies. 40 cents. 








Single copies of the following publications may be obtained 
from the Bureau of Public Roads upon request. They cannot 
be purchased from the Superintendent of Documents. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y . . Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 








A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in PUBLIC ROADS, may be obtained upon 
request addressed to the U.S. Bureau of Public Roads, Willard 
Building, Washington, D.C. 


























SUMMARY OF CLASSES |, II, AND III 
AS OF APRIL 30,1934 





CURRENT STATUS OF US. PUBLIC WORKS ROAD CONSTRUCTION 
AS PROVIDED IN TITLE II, SECTION 204 OF THE NATIONAL INDUSTRIAL RECOVERY ACT 
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